Introduction
============

Type 1 diabetes (T1D) and coeliac disease (CD) are both autoimmune diseases, and there is a high prevalence of patients with both diseases. Studies have revealed an average prevalence of CD among children with T1D on 2--12% and patients with CD have earlier diabetes onset \[[@b1],[@b2]\]. Intake of gluten is known to affect the disease process leading to T1D. Thus, the highest incidence of disease in animal models of T1D \[biobreeding (BB) rats and non-obese diabetic (NOD) mice\] is found in those animals which are on a diet based on cereals \[[@b3]--[@b5]\], and a gluten-free (GF) diet prevents diabetes development in NOD mice \[[@b6]\]. The T1D incidence of NOD mice is further reduced in animals that have never been in contact with gluten, even during fetal development \[[@b7]\]. Human studies have further supported the effect of a gluten-free diet on T1D development \[[@b8],[@b9]\], and T1D patients without CD are found to have an abnormal immune reactivity to gluten \[[@b10],[@b11]\] independent of CD-associated haplotype, which could indicate that the response to wheat proteins is diabetes-specific \[[@b12]\]. The potential of gluten to affect the diabetogenic process seems to be dependent upon the time of gluten introduction, both in animals \[[@b13],[@b14]\] and humans \[[@b15],[@b16]\].

In addition to diet, the importance of intestinal microflora on the development of type 1 diabetes has become evident, and it has been found that gluten intake directly affects the composition of the intestinal microflora: NOD mice fed a gluten-free diet have reduced numbers of caecal bacteria and Gram-positive bacteria compared to mice fed a wheat-containing standard diet \[[@b17]\], and a gluten-containing diet specifically increased intestinal species of *Bifidobacterium*, *Tannerella* and *Barnesiella*, whereas *Akkermansia* was increased in microflora of NOD-mice fed a gluten-free diet \[[@b18]\]. Therefore, it cannot be excluded that diet-induced changes in intestinal immunity could be influenced by corresponding microbiota changes. However, Patrick *et al*. showed that a diet based on cereals was a stronger promoter of type 1 diabetes than gut microbes and more significant protection from disease was observed by a hydrolyzed casein-based diet than could be obtained by altering the microbiota environment (germ-free conditions) \[[@b19]\].

The intestinal immune system plays an important role in the pathogenesis of T1D, as diabetogenic T cells are activated in the intestinal compartment before infiltrating the pancreas \[[@b20],[@b21]\]. However, the effect of gluten on different cell populations of the immune system has not been completely clarified. We have shown recently that gluten intake influences the proportion of multiple regulatory T cell subsets as well as T helper type 17 (Th17) cells in lymphoid tissues \[[@b22]\] and modify the cytokine pattern of both forkhead box protein 3 (FoxP3)^--^ T cells and FoxP3^+^ regulatory T cells towards a more inflammatory cytokine profile \[[@b23]\].

Natural killer group 2D (NKG2D) (CD314) is an activating receptor on NK cells, CD8^+^ T cells, NKT cells and γδ^+^ T cells \[[@b24],[@b25]\]. Interleukin (IL)-15-induced up-regulation of NKG2D on intraepithelial cytotoxic T cells (IELs) and NKG2D ligands on enterocytes is a hallmark in CD and is responsible for epithelial cell destruction and subsequent villous atrophy \[[@b25]\]. NKG2D is also known to be involved in the development of T1D and seems to be essential for disease progression, as blockade of NKG2D prevents diabetes in NOD mice \[[@b26],[@b27]\]. Furthermore, patients with T1D have aberrant signalling through the NKG2D receptor \[[@b28],[@b29]\]. In NK cells, NKG2D acts as an activating receptor to mediate target cell killing, and in CD8^+^ T cells the ligation of NKG2D delivers a co-stimulatory signal to the T cell. Normally, T cell receptor (TCR) ligation triggers the armed CD8^+^ T cells to mediate target cell killing. Simultaneous ligation of TCR and NKG2D increases the cytolytic response \[[@b30]\] and the cytotoxic IELs become lymphokine-activated killer (LAK) cells with NK-like cytolytic function, i.e. the ability to kill target cells independent of TCR specificity \[[@b31]\].

The NKG2D receptor can bind to a number of ligands that are all distantly related to major histocompatibility complex (MHC) class I. In humans, MICA and MICB (MHC class I chain-related) are well-described ligands \[[@b32],[@b33]\]. MICA and MICB have no mouse homologues, but are related closely to the mouse proteins Mill1 and Mill2 \[[@b34]\]. Other ligands include the ULBP-family (UL16 binding protein) with the mouse homologue Mult1 \[[@b35]\], H-60 (minor histocompatibility antigen) \[[@b36]\] and the Rae-1 family \[[@b37]\]. All these ligands are selectively up-regulated in target cells by stress or infection, and act to induce NKG2D-mediated killing of the target cells \[[@b38]\].

Evidence is pointing towards a role for gluten in the development of T1D. In the multi-factorial pathogenesis of T1D, gluten could play a role in the complex interplay between predisposing genes, defective immune-regulation and inflammatory priming of the mucosal immune system. Thus, we wished to study the effect of a GF diet on specific immune populations, known to be involved in CD and T1D. The aim of the present study was to clarify the effect of a gluten-free (GF) diet on NKG2D levels on DX5^+^(CD49b) NK cells and CD8^+^ T cells isolated from lymphoid tissues: spleen (S), pancreatic lymph nodes (PLN) and auricular lymph nodes (ALN) as control peripheral lymphoid tissue. These were compared to mice receiving the diabetes-promoting gluten-containing standard diet (STD). The experiments were performed in the NOD mice to study potential diabetes-related mechanisms as well as in fully immunocompetent BALB/c mice, to clarify the effect of gluten intake in normal healthy animals. Moreover, we studied diet-induced differences in NKG2D expression in intestine and isolated pancreatic islet and NKG2D ligand expression.

Materials and methods
=====================

Animals
-------

Fluorescence activated cell sorter (FACS) studies were performed on 13-week-old BALB/c and NOD mice on a GF *versus* gluten-containing standard diet (STD) from 4 weeks of age: BALB/cJBomTac were purchased from Taconic Europe A/S (Ry, Denmark) and NOD mice were delivered from Taconic US, purchased from Taconic Europe A/S. Both BALB/c mice and NOD mice arrived at 4 weeks of age and were divided equally in groups receiving the GF *versus* the STD diets upon arrival. Nine mice from each group were used for FACS studies and 11 mice from each group used for reversed transcription--quantitative polymerase chain reaction (RT--qPCR). These animals were also used in Larsen *et al*. ('Effects of dietary gluten on murine natural killer cell activity' 2014, unpublished data). To study if the effect of a GF diet on selected immune parameters could be influenced by the timing of gluten exposure, we bought breeding pairs of NOD mice (Taconic US, Taconic Europe A/S) and divided them into two groups receiving either GF or STD diet during breeding. Therefore, the pups were only exposed to one diet (either GF or STD) both *in-utero*, during weaning and after weaning. These groups of animals were named strictly gluten-free (SGF) *versus* strictly standard diet (SSTD) and were used to study NKG2D and NKG2D-ligand expression in intestinal tissue and isolated islets by RT--qPCR and immunohistochemistry. Moreover, the animals were used to determine diet-induced differences in lymphocyte infiltration (insulitis scoring) in 20-week-old mice.

First-generation female offspring (12 in each group) were used in the study when 8, 13, 20 weeks old to study if the effect of diet was in the prediabetic phase or later in the disease development.

The mice were kept in a specific pathogen-free (SPF) animal facility (temperature 22 ± 2°C, 12-h light cycle, air changed 16 times per hour, humidity 55 ± 10%) with free access to water and food. The animal experiments were carried out with approval from The National Animal Experimentation Board (2012-15-2934-00086), and experiments were performed in accordance with international guidelines for the care and use of laboratory animals.

Diets
-----

The animals received either the STD, non-purified Altromin diet or a GF, modified Altromin diet (Altromin, Lage, Germany), shown previously to prevent diabetes development in NOD mice \[[@b6],[@b7]\]. Both experimental diets were nutritionally adequate with a similar level of protein, amino acids, minerals, vitamins and trace elements. These two diets have been used previously at The Bartholin Institute to study the effect of a GF diet on diabetes incidence in NOD mice \[[@b6],[@b7]\]. The exact composition of the STD and the GF diet is given in \[[@b6],[@b7]\]. The diets were prepared to ensure the same content of milk and soya proteins, found previously to be diabetogenic. The overall protein contents of the STD and the GF diets were similar (22·9 *versus* 22·9%). The only component that differs between the two diets is that the gluten-containing proteins in the STD diet (6·9%) are replaced by more animal proteins in the GF diet. This results in a slightly increased level of animal proteins in the GF diet (15·3%) *versus* the STD diet (8·4%). With regard to this slight increase in animal proteins, it cannot be excluded that this could have an effect. However, it has been shown previously that meat meal as the protein source promotes development of T1D in NOD mice \[[@b39]\], suggesting an even stronger diabetes-protective effect of the gluten-free diet due to its higher level of animal proteins. The two diets had the same content of amino acids, minerals, vitamins and trace elements. The weight of the mice was monitored and both groups of animals displayed similar weight distribution.

FACS antibodies
---------------

The following monoclonal antibodies (mAb) were purchased from BD Pharmingen (San Jose, CA, USA): allophycocyanin (APC)-H7-conjugated rat anti-mouse CD8a mAb \[immunoglobulin (Ig)G2a, κ; catalogue number: 560182\]; fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD71 mAb (IgG11, κ; catalogue number: 553266). Phycoerythrin (PE)-conjugated rat anti-mouse CD49b (DX5), mAb (IgM, κ; catalogue number: 48597182), PE-cyanin 7 (Cy7)-conjugated rat anti-mouse CD314 (NKG2D) and mAb (IgG21, κ; catalogue number: 25588282) were purchased from eBioscience (San Diego, CA, USA).

Cell purification and flow cytometry
------------------------------------

Mice were killed and spleen (S), pancreas-draining lymph nodes (PLN) and auricular lymph nodes (ALN) were isolated from 13-week-old BALB/c and NOD mice on GF and STD diets. The ALN were chosen as control lymphoid organs to show whether or not the effect of gluten was strictly confined to PLN, or if gluten also has an effect on systemic immunity, as shown previously \[[@b22],[@b23]\]. Cells from each organ were pooled and single-cell suspensions were prepared. Surface staining was initiated with use of the relevant mAb, and cells were incubated for 1/2 h. Fc block (CD16/CD32) was purchased from BD Pharmingen (2·4G2; IgG2b, κ) and added to reduce Fc receptor-mediated binding. The cells were fixed and subsequently analysed by flow cytometry using a LSR-II (BD Bioscience, San Jose, CA, USA), and data were analysed with use of FACS diva software (BD Bioscience). Isotype control antibodies were used to determine the amount of non-specific binding and the AmCyan-conjugated LIVE/DEAD fixable aqua dead cell staining kit were purchased from Invitrogen (Carlsbad, CA, USA) (catalogue number: L34957) to exclude dead cells.

Islet isolation
---------------

Islets of Langerhans were isolated from single BALB/c or NOD mice using collagenase digestion. Following injection of collagenase (754 U/ml; Sigma-Aldrich, St Louis, MO, USA) in RPMI-1640 into the pancreatic duct, the pancreas was removed and subjected to further collagenase digestion \[[@b40]\]. Islets were hand-sorted to obtain 90--95% pure islet isolates, estimated by visual inspection. Isolated islets were immediately put into Trizol (Invitrogen) for RNA extraction.

RNA isolation
-------------

Intestinal sections were kept in RNA later until RNA extraction, where they were transferred to Trizol and homogenized mechanically using a Polytron (Kinetica, Lucerne, Switzerland). Isolated islets were not homogenized prior to RNA extraction. Total RNA was isolated from islets or intestinal sections using Trizol reagent (Invitrogen).

RNA yield and quality were assessed on a NanoDrop 1000 spectophotometer (Thermo Scientific, Waltham, MA, USA).

qRT--PCR
--------

RNA was extracted from a number of tissues for qPCR analyses. Duodenum (*n* = 11) and isolated islets (*n* = 4) samples from the BALB/C and NOD mice introduced to gluten at 4 weeks were used for qPCR. Duodenum sections from mice of 8, 13 and 20 weeks of age (*n* = 12, *n* = 8, and *n* = 11) from NOD mice that were kept strictly gluten-free were used for qPCR along with isolated islets (*n* = 11) from 13-week-old mice.

Approximately 1·0 μg of total RNA was reverse-transcribed into cDNA using the qScript kit (Quanta Biosciences, Gaithersburg, MD, USA), as recommended by the manufacturer.

Specific mRNA levels were quantified on a Lightcycler II (Roche, Penzberg, Germany) using SYBR II qPCR mixture (Takara Bio, Otsu, Japan). Primers (see Supporting information) were designed for an anneal temperature of 61°C using Primer3 software \[[@b41]\] and synthesized by TAGCopenhagen (Copenhagen, Denmark). Diluted, purified and sequence-verified (GATC Biotech, Constance, Germany) PCR products were used to create a standard curve for each primer pair. Expression levels were calculated as absolute quantification in relation to the relevant standard curve, using Lightcycler Software version 4·05. Expression values were then normalized to the housekeeping gene beta actin. Cycling parameters were set up to obtain similar reaction efficiencies of between 1·9 and 2·0.

The parameters for qPCR cycling were: initial denaturation at 95°C followed by 45 cycles of 10 s denaturation at 95°C, 5 s anneal at primer-specific temperature (56--60°C) and 15 s extension at 72°C.

Following PCR, a melting curve analysis was conducted. Any reactions with a CP value above 40 or with a non-specific peak in the melting curve analysis were treated as negative reactions and given the value '0' for statistical analysis.

Histology and immunohistology
-----------------------------

NOD SSTD and SGF mice at 20 weeks of age were used to determine diet-induced differences in lymphocyte infiltration (insulitis scoring). Haematoxylin and eosin-stained pancreas sections were evaluated for the insulitis score using the following scale: (i) intact islets, (ii) peri-insulitis, (iii) moderate insulitis (50% of the islets infiltrated) and (iv) severe insulitis (\> 50% of the islets infiltrated) \[[@b7]\]. At least 20--25 islets from each mouse were scored blind.

Immunohistochemical staining was performed on snap-frozen sections of small intestine. Tissues were fixated in Stefanini, rinsed in phosphate-buffered saline (PBS) and incubated with 2·5% bovine serum albumin (BSA) in PBS for 1 h and then incubated with primary anti-NKG2D (Santa Cruz NKG2D s-c5494; Santa Cruz Biotechnology, Santa Cruz, CA, USA) 1:50 and anti-CD3 (ab16669; Abcam, Cambridge, UK) 1:100 in 1% BSA for 2 h. Binding was visualized using donkey anti-goat Cy3 (705-166-147; Jackson Immunoresearch, West Grove, PA, USA) (1 : 200) and donkey anti-rabbit Alexa Fluor 488 (711-546-152; Jackson Immunoresearch) (1 : 200). Vectashield 4',6-diamidino-2-phenylindole (DAPI) was used to visulize nuclei.

Statistical analysis
--------------------

Groups were compared pairwise by Student\'s *t*-test. The χ^2^ method was used on the insulitis score data. *P* \< 0·05 was considered significant. All data are shown as mean ± standard error of the mean (s.e.m.). Statistical significance is indicated with one, two or three asterisks in the figures, signifying levels of 0·05, 0·01 and 0·001, respectively. The groups were only compared pairwise: GF *versus* STD and SGF *versus* SSTD, unless specified otherwise.

Results
=======

Decreased NKG2D expression in mice receiving GF diet on DX5^+^ cells in S and ALN
---------------------------------------------------------------------------------

Cell suspensions were prepared from isolated lymphoid organs (S, PLN and ALN) from 13-week-old mice on a GF *versus* STD diet and stained for DX5, CD8, NKG2D and CD71. Because BALB/c mice do not express the NK1·1 marker we used the anti-CD49b (clone DX5) pan-NK mAb, which has been shown previously to overlap with NK1·1 staining in C57Bl/6 mice as a marker for NK cells \[[@b42]\]. However, DX5 is also expressed on NKT cells \[[@b43],[@b44]\]. By gating on DX5^+^ cells (gating shown in Fig. [1](#fig01){ref-type="fig"}a), we analysed the expression of NKG2D on DX5^+^ cells. The mean fluorescence intensity (MFI) on NKG2D was decreased by 21·6% in the S of NOD mice receiving the GF diet (Fig. [1b](#fig01){ref-type="fig"}, *P* = 0·0059, *n* = 3). No significant changes were found in PLN from BALB/c or NOD mice (Fig. [1](#fig01){ref-type="fig"}c). In the ALN (Fig. [1](#fig01){ref-type="fig"}d), NKG2D was decreased by 35·5% (*P* = 0·0371, *n* = 3) and in BALB/c by 28·7% (*P* = 0·0249, *n* = 3) in NOD receiving the GF diet.

![Reduced level of CD71 and NKG2D expression on NK cells in mice on a gluten-free (GF) diet. (a) Representative plot of lymphocyte, singlet and live gate (upper panel). Examples of dot-plots showing the gating and percentages of DX5^+^ cells in BALB/c standard diet (STD) and BALB/c GF mice and histograms showing expression of CD71 and NKG2D on DX5^+^ cells. (b) Bars represent percentages of DX5^+^ cells, and geometric mean fluorescence intensity (MFI) of CD71 and NKG2D gated on DX5^+^ cells in BALB/c and non-obese diabetic (NOD) spleen (S). Data are represented as mean values ± standard deviation of three independent experiments with three mice in each group. Black bars: STD diet; white bars: GF diet. (c) The same representation as in (b) in pancreatic lymph nodes (PLN); (d) the same representation as in (b) in auricular lymph nodes (ALN). \**P* \< 0·05; \*\**P* \< 0·01; \*\*\**P* \< 0·001.](cei0177-0391-f1){#fig01}

We also analysed NKG2D expression on CD8^+^ as a marker for cytotoxic T cells, and found a 29% (*P* = 0·0351, *n* = 3) increase in S (Fig. [2](#fig02){ref-type="fig"}b) of BALB/c mice receiving the GF diet and an 8·8% (*P* = 0·0394) decrease in the PLN (Fig. [2](#fig02){ref-type="fig"}c) of NOD mice receiving the GF diet. No changes were seen in ALN.

![Reduced level of CD71 expression and CD8^+^ cells in mice on a gluten-free (GF) diet. (a) Representative plot of lymphocyte, singlet and live gate (upper panel). Examples of dot-plots showing the gating and percentages of CD8^+^ cells in BALB/c standard diet (STD) and BALB/c GF mice and histograms showing expression of CD71 and NKG2D on CD8^+^ cells. (b) Bars represent percentages of CD8^+^ cells, and geometric mean fluorescence intensity (MFI) of CD71 and NKG2D gated on CD8^+^ cells in BALB/c and non-obese diabetic (NOD) spleen (S). Data are represented as mean values ± standard deviation of three independent experiments with three mice in each group. Black bars: STD diet; white bars: GF diet. (c) The same representation as in (b) in pancreatic lymph nodes (PLN); (d) the same representation as in (b) in auricular lymph nodes (ALN). \**P* \< 0·05; \*\**P* \< 0·01; \*\*\**P* \< 0·001.](cei0177-0391-f2){#fig02}

The GF diet decreases proliferation marker, CD71, on DX5^+^ and CD8^+^ cells in S and PLN and ALN
-------------------------------------------------------------------------------------------------

To determine gluten-induced changes in the proliferation of DX5^+^ NK cells and CD8^+^ T cells, we gated on the two cell subsets and analysed the MFI of the transferrin receptor CD71. Transferrin receptor CD71 is a transmembrane homodimer glycoprotein, involved in uptake of iron and cell growth. The receptor expression is correlated with cellular proliferation and is thus expressed at greater levels on cells with a high proliferation rate \[[@b45]--[@b48]\]. We found a significant lower expression of CD71 on DX5^+^ cells in S of BALB/c (48%, *P* \< 0·0001) and NOD (37%, *P* = 0·0036) mice receiving the GF diet (Fig. [1](#fig01){ref-type="fig"}b). We found a comparable decrease in the PLN of NOD mice (30%, *P* = 0·018) receiving the GF diet (Fig. [1](#fig01){ref-type="fig"}c). In ALN from both BALB/c and NOD mice we also found significant decreases (37%, *P* = 0·0028 and 36%, *P* = 0·0009) in mice receiving the GF diet (Fig. [1](#fig01){ref-type="fig"}d).

When gating on CD8^+^ cells we found a significant decrease of CD71 expression with the GF diet in both BALB/c and NOD mice in all organs analysed. In S (Fig. [2](#fig02){ref-type="fig"}b) the decrease of CD71 was 32% (*P* = 0·0002) for BALB/c mice and 29% (*P* = 0·0087) for NOD mice. In PLN (Fig. [2](#fig02){ref-type="fig"}c) the decrease of CD71 was 60% (*P* = 0·0023) for BALB/c mice and 50% (*P* = 0·0073) in NOD mice. Comparable effects were seen in ALN, where the decrease of CD71 was 52% (*P* = 0·0001) for BALB/C mice and 45% (*P* = 0·0001) in NOD mice.

GF diet decreases CD8^+^ cells in S, PLN and ALN of BALB/C and NOD mice
-----------------------------------------------------------------------

We found a reduced proportion of CD8^+^ cells in the S of NOD mice receiving the GF diet (33%, *P* = 0·0338) (Fig. [2](#fig02){ref-type="fig"}b). In PLN we found reduced CD8^+^ cells in BALB/c (47%, *P* = 0·0338) and NOD (25%, *P* = 0·0294) mice receiving the GF diet (Fig. [2](#fig02){ref-type="fig"}c). Comparable effects were seen in ALN, where we found a reduction of 32% (*P* = 0·0046) in NOD mice receiving the GF diet (Fig. [2](#fig02){ref-type="fig"}c).

GF diet affects NKG2D and DX5 mRNA expression in intestine and islets
---------------------------------------------------------------------

We performed qRT--PCR on NKG2D and DX5 mRNA in intestines and isolated islets from 13-week-old mice, comparing GF or SGF diets with matched controls (STD/SSTD). Expression levels in intestinal tissue were markedly altered by diet (Fig. [3](#fig03){ref-type="fig"}a). NKG2D and DX5 expression levels were reduced significantly in intestinal tissue in GF and SGF mice compared to controls. NKG2D levels were reduced to 21, 6 and 22% in BALB/c, NOD and NOD SGF mice, respectively (*P* = 0·002, *P* = 0·01, *P* = 0·003; *n* = 11). DX5 levels were also reduced in GF and SGF mice of both BALB/c and NOD genetic backgrounds to 26, 22 and 60% of controls, respectively (*P* = 0·03, *P* \< 0·0001, *P* = 0·002; *n* = 11).

![Reduced mRNA levels of NKG2D and DX5 in gluten-free (GF) mice. (a) Relative messenger RNA expression levels of NKG2D and DX5 in tissues from 13-week-old mice kept on a gluten free (GF), strictly gluten-free (SGF) or matched controls, standard diet (STD) and strictly standard diet (SSTD). Expression levels of NKG2D and DX5 in intestinal tissue (upper graphs). NKG2D and DX5 expression levels in islets (lower graphs). (b) Relative messenger RNA levels of NKG2D and DX5 in intestines from SGF-fed non-obese diabetic (NOD) mice at 8, 13 and 20 weeks of age. \**P* \< 0·05; \*\**P* \< 0·01; \*\*\**P* \< 0·001.](cei0177-0391-f3){#fig03}

In isolated islets (Fig. [3](#fig03){ref-type="fig"}a), NKG2D and DX5 expression levels in islets only changed significantly in SGF animals where NKG2D expression was reduced to 64% (*P* = 0·04; *n* = 8), and DX5 expression was doubled compared to animals fed the SSTD diet (*P* = 0·003; *n* = 8). No changes were observed in GF animals.

Prediabetic mRNA expression of NKG2D and DX5 in mouse tissues
-------------------------------------------------------------

To investigate the effect of a GF diet on NKG2D and DX5 down-regulation at different time-points, qRT--PCR was performed on intestines from SGF NOD mice of different ages.

NKG2D and DX5 expression levels were consistently lower in intestinal tissue of SGF mice compared to SSTD-fed controls (Fig. [3](#fig03){ref-type="fig"}b). This effect was seen for animals of 8, 13 and 20 weeks of age. The SGF NOD mice had significantly lower expression of NKG2D at all measured time-points, amounting to 15, 22 and 34% of SSTD at 8, 13 and 20 weeks, respectively (*P* \< 0·0001, *P* = 0·003 and *P* = 0·005). DX5 expression was only significantly lower at 8 and 13 weeks, amounting to 48, 60 and 61% of SSTD at 8, 13 and 20 weeks, respectively (*P* = 0·002, *P* = 0·03 and *P* = 0·20). NKG2D expression was also compared between different age groups (Supporting information, [Fig. S1](#SD1){ref-type="supplementary-material"}). The NKG2D expression level of the SSTD groups was lower at 20 weeks than at both 8 and 13 weeks (38% of 8 weeks, *P* = 0·004). In the SGF groups, NKG2D expression was higher at 13 weeks compared to 8 and 20 weeks (260% of 8 weeks, *P* = 0·01).

DX5 expression levels decreased with mouse age in both SSTD and SGF groups (Supporting information, [Fig. S1](#SD1){ref-type="supplementary-material"}). The decrease was significant for all SSTD groups, with expression levels at 13 and 20 weeks that amounted to 43 (*P* = 0·0009) and 25% (*P* \< 0·0001), respectively. The decrease was less prominent in SGF groups, where only the expression at 20 weeks was significantly lower than at 8 weeks (33%, *P* = 0·004).

GF diet affects the expression of NKG2D ligands
-----------------------------------------------

To study a direct effect of gluten on NKG2D ligand expression, we performed qPCR analyses of a number of known NKG2D ligands in mouse intestines and isolated islets.

The intestinal expression pattern of NKG2D ligands (Fig. [4](#fig04){ref-type="fig"}a) did not change greatly in BALB/c mice fed a GF diet compared to a STD diet. Only the ligand H60a was reduced significantly to 42% of STD controls (*P* = 0·01; *n* = 11).

![Expression patterns of NKG2D ligand mRNAs in intestine and islets from BALB/c and non-obese diabetic (NOD) mice. Relative messenger RNA levels of known NKG2D ligands were quantified in intestine and islets. (a) The expression pattern of NKG2D ligands in intestinal tissue from 13-week-old BALB/c, NOD and NOD strictly gluten-free (SGF) mice. (b) Expression levels of NKG2D ligand in isolated islets of Langerhans from the same mice. (c) The expression levels of NKG2D ligands Mult1 (top) and Raet1 (bottom) in intestine, from BALB/c and NOD 13-week-old mice and from NOD SGF mice at 8, 13 and 20 weeks of age. \**P* \< 0·05; \*\**P* \< 0·01; \*\*\**P* \< 0·001.](cei0177-0391-f4){#fig04}

In NOD mice fed a GF diet, the expression level of Mill1 was increased 4·9-fold (*P* = 0·0001; *n* = 11), the level of Mill2 decreased to 20% (*P* = 0·02; *n* = 11) and the level of Mult1 increased threefold (*P* = 0·03; *n* = 11) compared to STD mice.

The expression levels of all NKG2D ligands were reduced in SGF NOD mice compared to SSTD controls. Thus, Mill1, Mill2, Mult1, Rae-1 and H60a was expressed at levels corresponding to 11 (*P* = 0·0004), 35 (*P* = 0·01), 45 (*P* = 0·003), 27 (*P* = 0·001) and 52% (*P* = 0·26) of controls, respectively (all *n* = 12).

A different pattern of NKG2D ligand expression was observed in isolated islets (Fig. [4](#fig04){ref-type="fig"}b). None of the investigated ligands showed a significant change in expression level in GF BALB/c mice (upper graph) or NOD mice (middle graph) (*n* = 4). In the SGF NOD mice (lower graph), the expression of Mill1, Mill2 and Mult1 was increased significantly compared to SSTD controls, with non-significant increases observed in the expression levels of the remaining ligands. The increased expression amounted to 23-fold (*P* = 0·01), fivefold (*P* = 0·05) and 1·7-fold (*P* = 0·02) for Mill1, Mill2 and Mult1, respectively (all *n* = 11).

The NKG2D ligands Mult1 (top) and Rae-1 (bottom) showed interesting expression patterns in intestines (Fig. [5](#fig05){ref-type="fig"}c). Thus, while Mult1 expression was increased threefold (*P* = 0·03; *n* = 11) in NOD GF mice, it was consistently lower in SGF mice at 8, 13 and 20 weeks, corresponding to a reduction to 54 (*P* = 0·001; *n* = 12), 45 (*P* = 0·003; *n* = 12) and 70% (*P* = 0·15; *n* = 9), respectively.

![Islet insulitis score, NKG2D and CD3 staining in non-obese diabetic (NOD) mice. (a) Scoring of histological grade of insulitis was performed on pancreatic section stained with haematoxylin and eosin (H&E) from 20-week-old NOD mice receiving strictly gluten-free (SGF) (*n* = 11) and strictly standard diet (SSTD) (*n* = 9) diet. Islets were scored for no-insulitis, peri-insulitits, moderate insulitis and severe insulitis.\**P* \< 0·0001. (b) Histological pancreatic sections stained with H&E from NOD SGF and NOD (SSTD). (c) Section of intestine from NOD SGF and NOD SSTD. The red indicates cells positive for NKG2D; the green cells are positive for CD3; and blue shows cell nuclei.](cei0177-0391-f5){#fig05}

Rae-1 expression was also reduced for all GF and SGF groups, with the only significant effects for SGF mice. The GF diet reduced Rae-1 expression to 81% in BALB/c mice (*P* = 0·83, *n* = 11), 54% in NOD GF mice (*P* = 0·25, *n* = 11), 31% in 8-week SGF mice (*P* = 0·01, *n* = 12), 27% in 13-week SGF mice (*P* = 0·001, *n* = 12) and to 31% of controls in 20-week SGF mice (*P* = 0·006, *n* = 8).

Decreased islet infiltration in animals receiving SGF diet
----------------------------------------------------------

Haematoxylin and eosin-stained (H&E) pancreatic sections were evaluated for islet infiltration. The insulitis score was 2·1 ± 0·05 for the SGF NOD mice and 2·5 ± 0·05 for the SSTD NOD mice (*P* \< 0·0001). Severe insulitis (\>50% of the islet infiltrated) was rarely observed in the SGF NOD mice, and only few intact islets were found in the SSTD NOD mice. Using immunohistochemical staining we showed the presence of NKG2D-positive cells in intestinal tissue of NOD mice (Fig. [5](#fig05){ref-type="fig"}).

Discussion
==========

This study provides new evidence concerning the effect of dietary gluten on immune parameters associated with disease development, and may help to understand the effect of a GF diet observed both in animal models \[[@b6],[@b7]\] of disease as well as in humans \[[@b9],[@b15],[@b16]\]. We studied the effect of a GF diet in both fully immune-competent BALB/c mice and in NOD mice. This allowed us to study the effect of gluten both in healthy animals and in those predisposed to disease.

We have shown that the GF diet reduces the expression of NKG2D on DX5^+^ NK cells in S and ALN, and on CD8^+^ T cells in PLN of NOD mice. Furthermore, a GF and SGF diet diminishes the intestinal expression of NKG2D in both BALB/c and NOD mice, and a SGF diet reduces NKG2D expression in isolated islets from NOD mice. The SGF diet induced a significantly lower expression of NKG2D ligands in intestine from NOD mice. Interestingly, a GF diet markedly reduced the expression of the proliferation marker (CD71) in both DX5^+^ NK cells and CD8^+^ T cells. The reduced proliferation was found in all lymphoid organs tested and was profound both in BALB/c mice and in NOD mice.

Our study shows that a diet without gluten reduces the level of NKG2D on DX5^+^ NK cells and CD8^+^ T cells and we have consistently found lower NKG2D mRNA expression in tissues from mice on GF or SGF diets. That this effect is most prominent in intestinal tissue is not surprising, given that this is the tissue in direct contact with gluten digestion products. However, we studied only changes in duodenum, and therefore we did not investigate possible important immunological changes in other parts of both the small and large intestines. Such differences could be interesting, because of the existence of distinctive functional differences in the lymphocyte populations residing at different intestinal compartments \[[@b49]\]. In the lymphoid tissues, we observed the main diet-induced differences in NKG2D and DX5 in S compared to PLN. This supports a systemic effect of gluten intake on immune activation, which is supported by earlier studies of gluten-induced effects on both intestinal and systemic immunity \[[@b22],[@b23]\]. It is surprising that a SGF diet also correlates with lower NKG2D expression in islets, especially as the same tissue shows increased DX5 expression. It is not clear whether the increase in DX5 expression reflects an increase in NK cells or if this reflects an increased level of islet-infiltrating NKT cells (expressing DX5) \[[@b44]\], which was found previously to prevent the development of T1D \[[@b50]\]. An increased level of NKT cells directly in the islets could be one mechanism behind the protective role of a GF diet in the prevention of T1D in NOD mice. Gluten-induced expression of NKG2D is of particular interest because studies indicate that NKG2D plays a key role in immune-mediated diseases, including CD and T1D \[[@b25],[@b26]\]. NKG2D could serve as an immune activator that can tip the balance in favour of autoimmunity and chronic inflammation. The observation that NKG2D can mediate cytolysis independently of TCR ligation \[[@b31]\] in recently activated T cells is particularly relevant in this context, because it suggests that gluten intake alone can establish a self-perpetuating loop of immune activation.

Untreated CD patients have a decreased intestinal level of NK cells that remain low, even when the patients are treated with a GF diet \[[@b51]\], implying that a GF diet does not influence the level of NK cells in CD patients. We did not find any diet-induced effect on the level of DX5^+^ NK cells in isolated lymphoid tissue (S, PLN or ALN) in either BALB/c or NOD mice, which was described previously \[[@b22]\]. Interestingly, we found that a GF and a SGF diet reduced the intestinal expression of DX5 mRNA, both in BALB/c and in NOD mice, and that this diet-induced difference was sustained at all measured time-points and was already present in NOD mice at the age of 8 weeks. Thus, a GF diet was found to have an effect on the intestinal level of NK cells, both in normal healthy intestinal tissue (BALB/c mice) as well as in NOD mice. Moreover, we found that a SGF diet induced a higher expression of NK cells in isolated islets. Therefore, it seems that the effect of gluten on the expression of DX5 is mainly directly in the tissues and not in lymphoid organs, suggesting an innate activation by gluten directly in the tissue.

Both T1D and CD \[[@b52]\] are found to be CD4^+^ T cell-mediated diseases, but the activation of CD8^+^ T cells is also central in controlling the immune response that causes immunopathology in both diseases \[[@b53]--[@b55]\]. We found diet-induced differences in the level of CD8^+^ T cells in all tested lymphoid organs. A GF diet diminished the level of CD8^+^ T cells in NOD mice, both in S and ALN and in PLN. In BALB/c mice a GF diet was also found to reduce the level of CD8^+^ T cells in PLN.

Interestingly, we found a consistent diet-induced effect on the level of CD71 on DX5^+^ and CD8^+^ cells in both BALB/c and NOD mice, where a GF diet reduced the expression on both NK cells and CD8^+^ T cells in all tested lymphoid organs. Increased CD71 receptor levels are found on immature proliferating cells and upon antigen stimulation of T cells, as well as cells with a high proliferation rate \[[@b45]--[@b48]\]. This implies that a GF diet diminishes the proliferation or activation of both NK cells and CD8^+^ T cells.

Interestingly, we found that the intestinal expression of NKG2D ligands was changed according to diet in NOD mice. The NOD mice on a GF diet from 4 weeks of age had an increased intestinal expression of Mill1 and Mult1. However, in SGF animals that had never been exposed to gluten we found a significantly reduced intestinal expression of almost all NKG2D ligands. This correlates well with the reduced intestinal expression of NKG2D and DX5. This resembles the transition from low levels of NKG2D ligand expression in healthy gut epithelium \[[@b25]\] that increases in patients with CD, where distressed intestinal epithelial cells up-regulate the stress-inducible non-classical MHC class I MIC (MICA and MICB) \[[@b56]\] upon exposure to gluten peptides. Lowered levels of NKG2D along with lowered levels of Mult1 and Rae-1 could be involved in the beneficial effects of a SGF diet compared to GF diet. Thus, it seems that a SGF diet can lower NKG2D-mediated immunity in intestines both through direct down-regulation of the NKG2D receptor as well as through target tissue ligand expression, which shows clearly that there is an effect of the timing of gluten exposure.

Isolated islets from SGF NOD mice had a higher expression of Mult1, Mill1 and Mill2 than matched SSTD controls. This was found neither in BALB/c mice nor the GF NOD mice. The observed pattern of ligand expression could indicate that NKG2D ligands may perform different roles, but the details of such NKG2D ligand interplay remain to be established. Perhaps NKG2D ligand up-regulation could protect the islets from NKG2D-mediated cytotoxicity, because it has been shown that NK cells may be desensitized by continuous exposure to NKG2D ligand \[[@b57],[@b58]\]. However, other studies have found that the expression of NKG2D ligands decreases MHC class I expression \[[@b59]\], which leads to increased NK cell killing, implying a complex relationship between NKG2D ligand expression and MHC I. In concordance with a study by Maier *et al*. \[[@b60]\], but in contrast to the study by Ogasawara *et al*. \[[@b26]\], we observed no dramatic difference in Rae-1 expression levels between NOD and BALB/c mice, either in intestine, isolated islets or with age. The reason for the difference between our results and those of Ogasawara *et al*. \[[@b26]\] is unknown, but it could be due to an effect of different housing conditions or to dietary differences.

These results help to clarify how the immune status is affected by dietary gluten, which has been reported as an environmental factor in the development of T1D \[[@b61]\] as well as in healthy individuals and individuals reporting to be 'gluten-sensitive' \[[@b62]\]. Our finding that gluten affects immunity both in BALB/c mice and in NOD mice supports the idea that gluten is able to induce cellular changes both in animals predisposed to disease as well as in healthy animals. The effect of gluten on NKG2D and NKG2D ligand expression, as observed in CD patients, is not disease-specific but also present in NOD and BALB/c mice.

We wish to acknowledge Åke Lernmark for supervision of the project. This work was supported by grants from Kirsten and Freddy Johansens Fond and by the Öresund Diabetes Academy.

Disclosures
===========

The authors declare that there are no conflicts of interest.

Author contributions
====================

J. C. A. designed, performed, analysed the experiments and wrote the paper. C. W. designed, performed, analysed and wrote about the qPCR experiments. E. A. performed and analysed the histology. J. L. analysed and wrote about the FACS experiments. K. E. participated in the performance of the FACS experiments. D. A. and K. B. supervised and edited the paper.

Supporting information
======================

Additional Supporting information may be found in the online version of this article at the publisher\'s web-site:

###### 

**Fig. S1.** Natural killer group 2D (NKG2D) and DX5 expression intestinal expression levels at different ages. Expression levels of NKG2D (upper panel) and DX5 (lower panel) normalized to beta actin in intestinal tissue of non-obese diabetic (NOD) mice at 8, 13 and 20 weeks. Asterisks signify significance levels in comparison to expression at 8 weeks, unless directly compared by dotted line.
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